Abstract: Three lakes were studied in the High Tatra Mountains at altitudes from 2000 to 2157 m a.s.l., which represent three categories of acidity status recognised in the Tatra lakes in the 1980s: non-acidified, acidified, and strongly acidified. Subfossil chironomid remains from dated sediment cores covering ca. throughout 200 years were analysed. The chironomid thanatocoenoses of all cores layers reflected ultra-oligotrophic non-acidified conditions in Ľadové pleso. Nevertheless, the finding of the acid-tolerant species Zalutschia tatrica in littoral samples in 1980s indicates that the littoral zone was more influenced by acidification than deeper areas of the lake. Three stages of lake developmental history can be distinguished in the acidified lake Vyšné Wahlenbergovo pleso based on the chironomid subfossil record: the pre-acidification stage before the 1920s, the anthropogenic acidification stage between the 1920-1980s, and the recovery of the lake from the end of the 1980s. The period of acidification was accompanied by a decline in chironomid numbers, while chironomid fauna composition was unchanged during the whole investigated history of the lake. None of the chironomid taxa present prior to the acidification period disappeared during the peak of acidification. The most apparent change in the sediment record taken from the strongly acidified lake Starolesnianske pleso was recognised in the layers corresponding to the period 1960-1980. It is characterised by the disappearance of the dominant acid-sensitive Tanytarsus lugens group and the dominance of acidtolerant Tanytarsus gregarius group. The most recent chironomid assemblage probably benefits from the amount of food resources as a result of increased lake productivity induced by acidification.
Introduction
Remote mountain lakes are considered to be excellent sensors of atmospheric deposition of pollutants and climatic changes (Štefková & Šporka, 2001; Battarbee et al., 2002) . In the Slovak part of the Tatra Mountains (Mts) there are about 120 lakes of glacial origin (more than 90% of all lakes in Slovakia). Most of them (70%) are situated in the alpine zone (1800-2200 m a.s.l.).
Acidification of surface water became the major anthropogenic stress in acid sensitive regions over Europe during the 20 th century, and the alpine Tatra ecosystem was one of the most severely affected areas (Kopáček et al., 2004) . In the 1980s, the Tatra lakes were divided into three main categories of sensitivity to acidification based predominantly on catchment's characteristics and acid-base status. Lakes were classified in non-acidified, acidified, and strongly acidified in a culminating phase of acidification, respectively (Fott et al., 1994) . While the effects of acidification on crustacean zooplankton have been intensively studied for a relatively long time (e.g., Stuchlík et al., 1985; Fott et al., 1992 Fott et al., , 1994 , there are a few information concerning responses of benthic communities in these lakes (Krno, 1991; Šporka, 1992; Vranovský et al., 1994) .
Because of insufficient historical data on benthic macroinvertebrates, analysis of subfossil chironomid remains in the sediment cores has been used to reveal the last ca. 200 years of history in the lakes. Although limnological investigations of the Tatra lakes have a long tradition, palaeolimnological studies are more recent (Bitušík, 1994 (Bitušík, , 2003 Bitušík & Kubovčík, 1999; Šporka et al., 2002; Kubovčík & Beták, 2004; Kubovčík & Fečkaninová, 2004) . The modern chironomid fauna of the Tatra lakes is relatively well known (Bitušík, 2004; Hamerlík, 2004; Bitušík et al., 2006; Tátosová & Stuchlík, 2006) . The larvae inhabit all investigated lakes in the Tatra Mts, and together with Oligochaeta they are often the only representatives of macroinvertebrates in some lakes. Among the many benthic macroinvertebrate groups, chironomids are considered the most useful indicators of past environmental changes. Larval head capsules are well preserved in the lake sediments and subfossil chironomid assemblages can be related to particular environmental conditions. The value of Chironomidae as S214 V. Kubovčík & P. Bitušík palaeoenvironmental indicators has been reviewed by Walker (1995 Walker ( , 2001 .
The aim of the present study was to document the long-term effects of acidification on the structure and productivity of chironomids in three lakes representing the categories of lakes recognised based on the level of acidification in the Tatra Mts.
Study sites
The study sites comprise three glacial alpine lakes in the High Tatra Mts (Slovakia) at altitudes from 2000 to 2157 m a.s.l. with different sensitivity to acidification. Ľadové pleso belongs to the non-sensitive to acidification category of lakes with pH > 6.0, and acid neutralising capacity (ANC) > 25 µeq L −1 . Vyšné Wahlenbergovo pleso is representative of acid-sensitive lakes (5.0 < pH > 6.0, ANC 0-25 µeq L −1 ). Starolesnianske pleso is a member of the group of lakes that is extremely sensitive to acidification characterised by pH < 5.0, and ANC < 0 µeq L −1 (KOPÁČEK et al., 2004) . Bedrock is mostly composed of granodiorite. Bare rocks and moraines cover nearly 90% of the catchments of Ľadové pleso and Wahlenbergovo pleso, while alpine meadows predominate (60%) in the basin of Starolesnianske pleso. Alpine soils are undeveloped (lithosol, ranker), with negligible carbonate content. The lakes have an ice-cover more than 200 days per year and a maximum daily mean of surface water temperature of ca. 12-13 ŠPORKA et al., 2006) . All three lakes are fishless. More details on the lakes are given in KOPÁČEK & STUCHLÍK (1994) and KOPÁČEK et al. (2004) .
Material and methods
The sediment cores used for analysis of chironomid remains were taken in October 1993 and in April 2001 using a gravity corer in the deepest parts of the lakes. The cores were cut into slices on site, and the sub-samples put into plastic bags and stored at 4
• C in a refrigerator. The sub-samples were sieved using 233 µm and 85 µm sieve, respectively (WALKER & PATERSON, 1985) . The fraction retained on the sieve was manually sorted at 7-40 magnifications in a counting tray. After the separation the sediments were dried at 120
Chironomid head capsules were mounted, ventral side up, into Berlese solution on microscopic slides following the standard procedure. In most cases, identifications were made to genus. In some instances, taxa were identified to the species group level or to the species level. Taxonomic identifications were mainly based on HOFMANN (1971) , WIEDER-HOLM (1983) and SCHNELL (1998). To achieve more reliable taxonomic results larvae and pupae collected from the study lakes during the 1990s and the 2000s were compared with those in the subfossil material. Specimens that consisted of right half or more than half of the mentum were enumerated as a whole head capsule. Fragments that consisted of the left half or of less than a half of the mentum were excluded.
Taxonomic richness (number of taxa), relative abundance of taxa and productivity (with the exception of Starolesnianske pleso) in all samples were calculated (BRO- DIN & GRANSBERG, 1993) . All taxa, even rare species, were included in the analysis. The stratigraphic diagrams were created using TILIA 2.0.b.4 and TGView 2.0.2 program.
The stratigraphically constrained cluster analysis was performed using CONISS in TGView program (GRIMM, 1987 
Results

Stratigraphy of Ľadové pleso
A total of 16,906 chironomid head capsules were found and 9 taxa were identified in 44 subsamples from the core. These samples covered a period of approximately 200 years. Chironomid head capsule concentration varied from 87 to 636 per g of dry sediment. Micropsectra radialis Goetghebuer, 1939 (80.2%) and Pseudodiamesa cf. nivosa (Goetghebuer, 1928) (16.8%) were the most important taxa making up 91-100% of the specimens in all layers. Two chironomid zones (VS-I, VS-II) were identified through the sediment record ( Fig. 1 ).
Zone VS-I (17.0-13.5 cm; ≈1785-1865 AD) This zone is characterised by low relative abundance of M. radialis and a relative high proportion of the P. cf. nivosa remains. P. cf. nivosa constitutes 20-29% of the fauna in this zone. The relative abundance of Heterotrissocladius marcidus (Walker, 1856) is low, ranging from 0.1 to 0.6%. Only single remains of Bryophaenocladius/Gymnometriocnemus and Chaetocladius/Parametriocnemus were found. Chironomid density varies from 290 to 481 specimens per 1 g of dry sediment. The number of the head capsules decreases at the top of the zone. Taxonomic richness oscillates from 3 to 4 taxa per sub-sample. The zone is characterised by relatively low chironomid productivity (from 15,142 to 23,443 ind. m −2 y −1 ).
Zone VS-II (13.5-0.0 cm; ≈1865-2001 AD) Throughout the zone, relative abundance of M. radialis gradually increases, while P. cf. nivosa gradually decreases with noticeable depression at depth 7.5-6.5 cm.
Relative abundance of H. marcidus remains low in except in the upper part of the zone (3.25-1.0 cm) where its relative abundance was higher. The remains of the other taxa, Bryophaenocladius/Gymnometriocnemus, Eukiefferiella gracei group, Tokunagaia cf. rectangularis (Goetghebuer, 1940), Tanypodinae indet., and Orthocladius sp. were recovered only sporadically. Chironomid density varies from 99 to 636 specimens per g of dry sediment attaining a maximum of around 8.5-10.0 cm. A marked peak of chironomid productivity (from 62,938 to 12,960 ind. m −2 y −1 ) is observed at a depth of 12.5-10.0 cm. The productivity decreases at subsequent layers but remains relatively high to 3.5 cm. The most recent sub-samples of the zone are characSubfossil chironomids in mountain lakes on an acidification gradient terised by low productivity, compare the productivity of the zone VS-I. Taxonomic richness is lower than in the previous zone, ranging from 2 to 4 taxa per layer.
Stratigraphy of Vyšné Wahlenbergovo pleso
Eighteen samples from the upper 9.0 cm of the sediment core were analysed. The deepest subsample, from 9.0-8.5 cm, is dated back to 1790 ± 59 AD (Appleby, in litt.) . In total, the chironomid analysis provided 701 head capsules from 6 taxa. Chironomid density varied from 6 to 56 specimens per g of dry sediment. The dominant taxa, M. radialis (52.8%), H. marcidus (15.7%), and P. cf. nivosa (15.6%) made up 84% of all head capsules found throughout the core. The chironomid subfossil record has been divided into three zones (FU-I -FU-III), determined by a constrained sum-of-squares cluster analysis (Fig. 2) .
Zone FU-I (9.0-3.0 cm; ≈1790-1930 AD) In this zone, M. radialis and P. cf. nivosa are the dominant taxa although fluctuations of the head capsules number can be seen. H. marcidus constitutes between about 6 and 16% of the chironomid fauna. Other chironomid taxa are present only sporadically (e.g., Procladius (Holotanypus) sp. and Chaetocladius/Parametriocnemus). Taxonomic richness oscillates from 3 to 5 taxa. Chironomid density varied from 6 to 56 specimens per g of dry sediment. Productivity ranging from 700 to 2,000 ind. m −2 y −1 was observed. The most recent sediments reveal a strong increase of M. radialis and reduction of H. marcidus at the same time. P. cf. nivosa is present at low values. P.
(Holotanypus) sp., Chaetocladius/Parametriocnemus and Micropsectra sp. were not found. The chironomid assemblage of this zone consists of three taxa only. Density varies from 7 to 13 specimens per g of dry sediment. Productivity remains low, about 400 ind. m −2 y − 1.
Stratigraphy of Starolesnianske pleso
A total of 16 sediment subsamples were analysed from the 16.0 cm of the core STAR93/2. The uppermost 8.5 cm dates back to about 1818 ± 23 AD. Altogether 2,079 chironomid remains were recovered, comprising 9 taxa. The subfossil record was dominated by Tanytarsus remains (91.8%). It was not possible to identify 51.3% of Tanytarsus head capsules due to an absence of mandibles. The remainder of the material was separated into Tanytarsus lugens group (31.6%) and Tanytarsus gregarius group (8.9%). Relatively stable members of the chironomid assemblage were H. marcidus, P.
(Holotanypus) sp., Micropsectra sp. and Paratanytarsus cf. austriacus showed little changes, while Corynoneura sp., Cricotopus sylvestris group, and Psectrocladius limbatellus group were rare and accounted for less than 0.5% of the chironomid remains. Chironomid head capsule concentration varied from 67 to 335 specimens per 1 g of dry sediment. Two stratigraphic zones (STAR-I, STAR-II) were recognised based on the changes in chironomid assemblages (Fig. 3) .
Zone STAR-I (16.0-3.0 cm; ≈1600-1957 AD) Tanytarsus lugens group declines in relative abundance, while the importance of T. gregarius group and H. marcidus start to increase in the upper layers of this zone. Corynoneura sp., C. sylvestris group, P. limbatellus group are present sporadically. Micropsectra sp. and Paratanytarsus were found consistently at low values. Chironomid density varies from 67 to 335 specimens per g of dry sediment and suddenly declines from 7.0 cm. Taxonomic richness ranges from 4 to 7 taxa.
Zone STAR-II (3.0-0.0 cm; ≈1957-1993 AD) T. lugens group was replaced completely by T. gregarius group. The relative abundance of H. marcidus slightly increases. P. (Holotanypus) sp. reappeared at low values. Other chironomid taxa are absent in this zone. The number of head capsules is lower in comparison with the previous zone. Taxonomic richness decreases, ranging from 1 to 4 taxa.
Discussion
Ľadové pleso has been listed as an acid non-sensitive lake and remained non-acidified even during the period of maximum acidification in the Tatra Mts from 1977 to 1987 (Kopáček et al., 2004) . Based on historical data, the composition of planktonic Crustacea has not changed (Fott et al., 1994) . Analysis revealed relatively stable chironomid assemblages throughout the sediment record. The lake is classified as high-alpine with species-poor chironomid assemblages (Bitušík et al., 2006) . The taxonomic composition of subfossil chironomids reflects the ultra-oligotrophic (Saether, 1979) , non-acidified conditions in the lake. Nevertheless, the finding of the acid-tolerant species Zalutschia tatrica (Zavřel et Pagast, 1935) in littoral samples in 1980s (Bitušík, unpubl. data) indicates that the littoral fauna was more strongly affected by acidification. The decline in relative abundance of P. cf. nivosa since the start of the 20 th century is also connected with this. It has been stressed in many studies (e.g., Brodin & Gransberg, 1993) that acidification causes considerable effects on the littoral fauna, whereas the profundal fauna remains more or less unchanged. The snow-melting period has been considered to be very important in the process of acidification when sudden drops in the pH and concentrations of cations were recorded in some Tatra lakes including Ľadové pleso (Kopáček & Stuchlík, 1994) .
Three brief episodes of more rapid sediment accumulation were found. Appleby & Piliposian (2006) suppose that landslips or sediment slumps most probably caused this slumps. The most significant of these events took place in the late 19 th century and it was connected with the marked peak of chironomid productivity. Such catastrophic episodes in the catchment can affect the community structures through increased nutrient input, as have been shown by Brancelj et al. (2002) .
Vyšné Wahlenbergovo pleso has been classified in the category of acid-sensitive Tatra lakes (Fott et al., 1994) and became acidified in the acidification period. Predisposition of these lakes to acidification resulted from the combination of morphological and physicochemical characteristics of their catchments (Kopáček et al., 2004) . The carbonate buffering system of Vyšné Wahlenbergovo pleso was depleted in the 1980s and replaced by Al buffering system . It has been supposed that zooplankton became extinct in the early 1970s as a consequence of insufficient food sources. The lowest levels of chlorophyll and particulate organic carbon were observed in this lake category (Fott et al., 1994) .
Three phases of the recent developmental history based on the sedimentary chironomid data were recognised in relation to acidification as follows: (1) "The pre-acidification stage" -before 1920s, (2) "The acidification stage" -1920s to 1980s, and (3) "The postacidification stage" -1980s to 2001. The subfossil chironomid assemblages are species poor, resembling the fauna of Ľadové pleso but with lower productivity. Fluctuations in relative abundance of the dominant taxa to the first half of the 20 th century can perhaps be connected with climate-related changes. It is noticeable, that none of the chironomid taxa (including acidsensitive M. radialis) present prior the acidification disappeared during the acidification stage. It can be supposed, that the observed decrease of chironomid density and productivity may reflect low primary production of the lake. Results from analysis of a subfossil record taken from neighbouring Nižné Terianske pleso suggest that the increase in relative abundance of M. radialis is connected with improved food availability in the lake profundal (Šporka et al., 2002) . Similarly, Catalan et al. (2002) noted the effect of food availability on chironomids in the subfossil record from Lake Redó. A reduced influx of organic detritus may explain the decrease of M. radialis (Alm & Willassen, 1993) . The fluctuation of H. marcidus has the inverse trend in changes of relative abundance during the same period. Very similar distributional pattern of these species has been revealed in the sediment record from Nižné Terianske pleso (Bitušík & Kubovčík, 1999) , and Veľké Hincovo pleso (Kubovčík, unpubl. data) . These observations perhaps support the opinion of Warwick S218 V. Kubovčík & P. Bitušík (1989) on affinity of Heterotrissocladius to sediments with higher proportion of mineral components.
During the 1990s, acidification at several lakes declined, and they began to recover as the deposition of acidifying compounds decreased (Kopáček et al., 1998) . A significant increase in chlorophyll-a concentration is one of the consequences of recovery from acidification in the lakes of the Tatra Mts (Kopáček et al., 2006) . A return of the original zooplankton species has been observed in four of eleven acidified lakes (Stuchlík, unpubl. data). Thus, the increase of relative abundance of M. radialis accompanied with a decrease of H. marcidus in the post-acidification stage indicates both increased of pH and higher primary productivity in the lake. However, overall chironomid density and chironomid productivity still remains low.
Many previous studies have not found significant relationships between chironomid species richness, abundance and pH of the lake water (e.g., Halvorsen et al., 2001 ). The results from Vyšné Wahlenbergovo pleso rather support the observation of Brodin (1990) that chironomids reflect the trophic status of lakes better than acidity, provided that pH does not decrease drastically.
Starolesnianske pleso is a typical representative of extremely acid-sensitive lakes. Lakes in this category became strongly acidified during the peak of acidification in the Tatra region. The sensitivity resulted mostly from low weathering rates and soil base saturation. Unlike the previous two lake categories, pH already declined steadily in the 1850-1950 period, after which their carbonate buffering systems were depleted and pH rapidly declined bellow 5.0 (Kopáček et al., 2004) . Original species of crustacean zooplankton disappeared, and Chydorus sphaericus (Müller, 1785) invaded the lake. Its biomass remained low, despite the unusual high phytoplankton biomass has been observed (Fott et al., 1999) .
The most significant change in the chironomid fauna of Starolesnianske pleso was between 4.0 and 2.0 cm, corresponding to the 1930s-1970s. Acid-sensitive T. lugens group (Fjellheim & Raddum, 1990) , which dominated in the bottom of the core, decreased from 3.0 cm and was replaced by T. gregarius group in the most recent sediments. It is noticeable that the fluctuation of the acid-sensitive but unidentified taxon Micropsectra showed a pattern very similar to T. lugens group, whilst the relative abundance of H. marcidus followed the increase of T. gregarius group. Recently, T. gregarius has been found in both strongly acidified lakes and subalpine non-acidified Tatra lakes (Bitušík, 2004; Bitušík et al., 2006) . Larvae probably benefit partly from the amount of food resources under conditions of temporarily high lake productivity induced by acidification, partly from reduced competition for food resources. The decrease in head capsules and taxonomic richness toward the present suggest the direct effect of acidification on chironomids.
The observed change in the chironomid assemblages due to lake acidification is consistent with the idea that pH values of about 4.8-5.0 may be particularly critical for ecological conditions and fauna composition in acidified lakes (Brodin & Gransberg, 1993) . The study of Stuchlík et al. (2002) revealed close agreement between MAGIC (Model of Acidification of Groundwater In Catchments) modelled water chemistry and the palaeolimnological data on cladoceran and chironomid fauna in Starolesnianske pleso over the past 140 years.
The absence of Zalutschia remains in the whole subfossil record is of interest. Z. tatrica seems to be a reliable indicator of acid conditions in the Tatra lakes (Kownacki et al., 1999; Bitušík et al., 2006) . Despite the abundance of the species in the shallow part of Starolesnianske pleso in autumn 1993 and 1994 (Bitušík, unpubl. data) , it is surprising that no remains were found in the most recent sediment layers. Absence of Z. tatrica in the sediment record may indicate that the head capsules are not well preserved in the sediments, although such a case is not known in palaeolimnological literature.
